Initial wetting phenomena and spreading property of CaO-SiO2 slag on MgO single and poly-crystal refractory substrates are investigated using sessile drop technique and a high-speed camera (1 500 frame/s). By observing and analyzing the spreading rate, change of the contact angle, and the composition change in slag and refractory, we found that the initial wetting is non-reactive and controlled by viscous friction.
Introduction
MgO is widely used as refractory material in the steelmaking process. Since MgO is easily dissolved into the slags, it is generally used in the form of MgO(-C) or MgAl2O4 spinel. The corrosion mechanism of the refractories is investigated by many researchers: the dissolution of the refractory material into the slag and the penetration of the slag into the refractory material. [1] [2] [3] [4] [5] [6] The dissolution rate of MgO refractory into oxide slags strongly depends on the slag composition and temperature. 7) Both dissolution and penetration are considerably affected by wettability. [8] [9] [10] [11] Wettability, also called dynamic wetting, is divided into two categories: non-reactive wetting and reactive wetting. In non-reactive wetting, mass transfer through the solid/liquid interface is very limited and the wetting is mostly driven by the physical forces such as inertial, gravitational, and viscous force. In reactive wetting, wettability is strongly influenced by the reaction at the solid/liquid interface such as diffusion and the formation of intermediate compounds at the interface.
In most non-reactive wetting, spreading of droplet is either inertial force dominant spreading or viscous force dominant spreading as shown in Fig. 1 . In inertial spreading for low viscosity liquid, local equilibrium is rapidly established at the triple line, thus the contact angle approaches the equilibrium angle immediately. Then, spreading is controlled by inertial force due to the Laplace pressure difference caused by the curvature difference between the bulk and the region near the triple line ( Fig. 1(a) ). Viscous spreading is controlled by viscous friction inside the droplet and the dissipation of energy at the triple line of the droplet. The driving force in this case is the change in the surface and the interfacial energy of the system caused by the displacement of the triple line. η is the viscosity (Pa.s), θ is the contact angle, R is the droplet radius.
13) The ratio can be used as a measure to determine which the dominant effect on the spreading is. In non-reactive viscous spreading, the spreading rate is given by ............. (2) where θF is the final contact angle. This equation is valid for θ < 90° and implies that the instantaneous spreading rate U is dependent on the instantaneous contact angle. 13) Although MgO refractory is investigated by many previous researchers, there has been no study on initial wetting of MgO in contact with CaO-SiO2 slag. In this study, we observed the initial wetting using a high speed camera, and analyzed the contact angle and spreading rate to investigate the mechanism of the initial wetting phenomena between MgO crystal and CaO-SiO2 slag.
Experimental
In order to achieve clear results in the wetting experiments, cares are taken for the experimental conditions such as good isothermal environment, clean liquid and solid surfaces, negligible or at least controlled surface roughness of solid substrates, and negligible external forces such as gravitational force. . All substrates were cleaned by alcohol using ultrasonic wave. The surface of MgO poly crystal substrate is polished. The average surface roughness of MgO single crystal is less than 0.5 nm and the one of poly crystalline is measured to be 0.47 μm in Ra number. Porosity for the single crystal is 0% and apparent porosity for poly crystal is 0% from manufacturer's data. For the negligible effect of gravity, the mass of the droplet is kept less than 0.1 g. 14)
Experimental Condition
At high temperature, the spreading time of the millimetersize low viscous droplet is in the range of a few milliseconds. In this time scale, isothermal condition is critical, but it is impossible to meet the condition using conventional sessile drop technique, in which liquid droplet is gradually formed from the small solid piece put on the solid substrate as temperature is increased. In the conventional technique, spreading kinetics is significantly affected by melting process. Therefore, we heated slag and substrate separately and the molten liquid droplet of slag is dropped onto the substrate by the push bar, so droplet is contacted with substrate in isothermal condition (Fig. 2) . The distance between crucible and solid substrate is carefully set to 1 cm for each run to maintain consistent droplet shape. A high speed camera is used to capture the images of the whole process of wetting.
For clean liquid and solid surface, the chamber is sealed and evacuated to 2.0 × 10 -2 torr using rotary vacuum pump and filled with 99.999 wt% Ar gas. This process is repeated five times. Then the chamber is heated to 1 600°C at rate of 10°C/min. When the droplet contacts the substrate, the high speed camera is used to capture the initial contact angle at 1 500 frame/s. After the experiment, the cooled samples are analyzed by Scanning Electron Microscope (SEM) and Energy Dispersive X-ray Spectrometer (EDS). Figure 3 shows the images of the slag droplet on MgO 
Results and Discussion

Droplet Image
Diffusion
In order to observe the reaction between the slag and MgO, a droplet is dispensed while the furnace is cooling down so that it solidifies during spreading. The droplet is detached just over the liquid temperature of slag at 1 535°C. 15) The CaO-SiO2-MgO phase diagram from Factsage 6.4 (Fig. 5) shows that the maximum solubility of MgO in CaO-SiO2 slag is 21-23 wt% at the interesting temperature range from 1 535°C to 1 600°C. Considering its maximum solubility and the diffusivity, only 7% of MgO was dissolved in the slag despite of rather long reaction time during cooling. It infers that the dissolution of MgO into the CaO-SiO2 slag can be neglected during initial one second of spreading at 1 600°C.
Contact Angle
Figure 6(a) shows the plot of instantaneous contact angle of slag droplet with MgO single and poly crystal substrates against time during initial one second. Figure 6(b) represents the same results in terms of the log scale of time axis during initial 0.2 seconds. The contact angles for both MgO single and poly crystal substrates drastically decrease to 10°w ithin 0.2 seconds with a little time lag for the case of poly ISIJ International, Vol. 54 (2014), No. 9
crystal. Also, in the case of MgO single crystal, the contact angle rapidly decreases to the equilibrium angle (about 5°) within 0.5 seconds, while the contact angle for MgO poly crystal rapidly decrease to 10° and remains about 8 seconds until it finally reaches the equilibrium angle same as for the single crystal. This pinning effect is due to the high surface roughness that arises from grain boundaries in MgO poly crystal.
Spreading Rate
In Fig. 7 we plot the ratio of inertial force to viscous force using Eq. (1) for θ < 90°with the known parameters for the slag σ LV = 400 mN/m, 16) ρ = 2.56 g/cm 3 , 17) and η = 0.2 Pa·s 18) to see which effect is dominant in spreading of the droplet. It shows that the viscous force is dominant over the inertial force throughout the spreading after the transient stage where θ > 90°. Figure 8 shows the experimentally 
Conclusions
(1) The effect of dissolution of MgO into CaO-SiO2 slag on the spreading is found insignificant since the diffusion of Mg 2+ is slow than the spreading rate. (2) The contact angle rapidly decreases to the equilibrium angle (about 5°) within 0.5 seconds for MgO single crystal substrate and within one second for MgO poly crystal substrate.
(3) Experimentally obtained spreading rate agrees with the calculated value using the viscous model, which suggests that the initial spreading can be regarded as nonreactive wetting controlled by viscous friction.
